To investigate the effect of matrix metalloproteinase (MMP) inhibition on fibroblast-mediated matrix contraction and production. METHODS. Free-floating fibroblast-populated type I collagen lattices were prepared with human Tenon's capsule fibroblasts. Lattice areas were photographed and digitally analyzed to indicate the degree of lattice contraction. Quantitative competitive reverse transcription-polymerase chain reaction (QCRT-PCR) and enzyme-linked immunosorbent assay (ELISA) were used to quantify mRNA and protein respectively for MMP-1, -2, and -3 by fibroblasts during lattice contraction. Gelatin zymography demonstrated activity of MMPs released into the conditioned medium of contracting lattices. Concentrations of the broad-spectrum MMP inhibitors ilomastat, CellTech (Slough, UK), and BB-94 were added to the contracting fibroblast-populated collagen lattices. Secreted C-terminal propeptide of type I collagen was measured in conditioned medium of contracting lattices by ELISA. Fibroblast proliferation in the presence of concentrations of ilomastat was measured by using the reagent water-soluble tetrazolium-1 (WST-1). RESULTS. During contraction of type I collagen lattices, Tenon's capsule fibroblasts expressed MMP-1, -2, and -3 mRNA and protein. Zymography demonstrated the release of four gelatinolytic species into the conditioned medium of contracting lattices (57, 72, 91, and 100 kDa). Inclusion of MMP inhibitors in the zymogram-developing buffer reduced the proteolytic activity of the detected bands. MMP inhibition (1-100 M) significantly reduced fibroblast-mediated collagen lattice contraction (P Ͻ 0.05), and this effect was found to be reversible. Ilomastat also significantly inhibited production of collagen in a dose-dependent manner (P Ͻ 0.05). No effect on fibroblast proliferation was found in the presence of ilomastat. CONCLUSIONS. MMPs are produced during Tenon's capsule fibroblast-mediated collagen lattice contraction. Broad-spectrum MMP inhibition significantly reduced matrix contraction and production without cell toxicity. Future clinical use of MMP inhibitors may be possible, because MMP inhibition significantly reduces fibroblast functions associated with contractile scarring. (Invest Ophthalmol Vis Sci.
T he movement of cells through extracellular matrix (ECM)
and contraction of collagen-containing tissues are fundamental to the biology of morphogenesis, 1 development, 2 wound healing, and scarring throughout the body. [3] [4] [5] Fibroblasts are key players in tissue repair. After injury, quiescent fibroblasts in the surrounding matrix are activated to proliferate and migrate into the wound site to deposit and remodel new matrix. 6 In some individuals, this process proceeds to contractile scarring.
Scarring is involved in either the pathogenesis or treatment failure of most visually disabling and blinding conditions worldwide. Successful filtration surgery for the treatment of glaucoma depends directly on an individual's wound healing response. Maintenance of intraocular pressure in the low teens can prevent long-term progression of glaucoma. 7 However, the development of scar tissue over the drainage site can lead to an increase in intraocular pressure and surgical failure.
Use of antimetabolites such as single intraoperative applications of mitomycin-C or subconjunctival injections of 5-fluorouracil has reduced the degree of postoperative scarring. 8, 9 The initial rationale of these treatments is to reduce the healing response, primarily by suppressing fibroblast proliferation. 10 -12 Clinically, however, surgery still fails in some highrisk patients, even after antiproliferative treatment, 8 in part due to residual activity of the growth-arrested cells 13 and their potential interaction with surrounding untreated fibroblasts. 14 For this reason, new targets for antiscarring therapy, such as neutralization of scar-promoting transforming growth factor-␤ 15 are still sought. To find alternative targets for antiscarring therapy, identification of factors that facilitate fibroblast activity during wound healing is necessary.
The matrix metalloproteinases (MMPs) are a family of enzymes capable of cleaving components of the ECM. They are regulated at the level of transcription, activation, and inhibition of proteolytic activity. 2, 16 Collagenases, gelatinases, stromelysins, and membrane-type MMPs are produced by a variety of cell types in disease and after injury, including neutrophils, macrophages, endothelial cells, keratinocytes, and fibroblasts. [17] [18] [19] [20] [21] [22] The requirement of MMP activity for the penetration and movement of several cell types through the ECM has been identified. [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] These reports suggest that movement of cells through ECM and subsequent matrix contraction (processes involved in scarring) may involve MMPs. Hence, MMP inhibitors may provide future antiscarring therapies for glaucoma filtration surgery.
The profound antiscarring effect of inhibition of MMP in an experimental model of glaucoma filtration surgery has been described elsewhere. 33 Application of the broad-spectrum MMP inhibitor ilomastat in the rabbit resulted in reduced matrix (scar) deposition and cellularity at the filtration surgery site, compared with the control. Fibroblast-populated collagen lattices have long been used to study the fibroblast-mediated contraction phase of wound healing in vitro. Free-floating fibroblast-populated type I collagen lattices originally described by Bell et al. 34 are believed to represent contraction resulting from fibroblast migration through matrix. 3 Previous studies have demonstrated that broad-spectrum inhibition of MMP can reduce matrix contraction mediated by dermal fibroblasts 31 and retinal pigmented epithelial cells. 32 These reports did not include an assessment of the production of collagen matrix, a crucial element of the scarring response. Using Tenon's capsule fibroblast-populated collagen lattices, we investigated the effect of MMP inhibition on fibroblast-mediated matrix contraction and collagen production to determine how ilomastat may act as an antiscarring agent in vivo after glaucoma filtration surgery.
METHODS

Cell Culture
Human Tenon's capsule fibroblasts were isolated and cultured as previously described. 10 The cells were maintained in fibroblast culture medium (FCM) composed of Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% (vol/vol) newborn calf serum, 2 mM L-glutamine, 100 IU/mL penicillin, 100 g/mL streptomycin, 50 mg/mL gentamicin, and 0.25 mg/mL amphotericin B (all from Gibco Life Technologies, Paisley, Scotland, UK) at 37°C with 5% (vol/vol) CO 2 in air. Cultures were used between passages 3 and 7 for the experiments. The tenets of the Declaration of Helsinki were followed, and institutional human experimentation committee approval was granted.
Collagen Contraction
To assess matrix contraction free-floating collagen lattice models were used.
3 Three-dimensional fibroblast-populated type I collagen (Sigma Chemical Co., Poole, Dorset, UK) lattices were prepared with 500,000 cells/mL of lattice as previously described. 35 The lattices were fed with FCM and detached before addition of test substances. Reduction in lattice area due to contraction was determined as previously described at intervals up to 7 days.
36
MMP mRNA Expression
Total RNA was isolated from cells within contracting collagen lattices (3 ϫ 10 6 ) by the method of Chomczynski and Sacchi. 37 Levels of mRNA for MMP-1, -2, -3, and -9 were determined by quantitative competitive reverse transcription-polymerase chain reaction (QCRT-PCR). 38, 39 This technique allows the calculation of message copy number/10 3 cells in a sample.
Production of MMP Protein
MMP levels were measured in conditioned medium collected from contracting fibroblast-populated collagen lattices by enzyme-linked immunosorbent assay (ELISA). MMP-1 (pro and active forms) was quantified with a double sandwich ELISA kit (Amersham, Buckinghamshire, UK). MMP-2 (pro form) and MMP-3 (pro form) were quantified with a specific one-step immunoassay system (Fuji Chemicals Ltd., Toyama, Japan).
MMP Activity
Samples of conditioned medium collected from contracting lattices (fed with FCM containing gelatinase-free serum) 40 were stored at Ϫ70°C, lyophilized, and reconstituted in phosphate-buffered saline (PBS) before use. The lattices were homogenized. 41 Both medium and homogenate samples were analyzed by gelatin zymography using a commercial system and buffers (Novex Mini Cell; InVitrogen, Groningen, The Netherlands) in accordance with the manufacturer's instructions. Samples activated with amino phenyl mercuric acid (APMA) were included to detect characteristic MMP molecular weight shifts after activation. 42 Conditioned medium collected from fibroblast-populated lattices at day 7 was also subjected to zymography. However, before the development stage, the zymograms were cut into individual lanes and then developed in the presence of MMP inhibitor concentrations to determine the effects of the inhibitors on MMP activity.
Inhibition of MMP
The effect of several broad-spectrum, hydroxamic-acid-derived MMP inhibitors on lattice contraction were investigated: ilomastat, 43 BB-94, 44 and an MMP inhibitor, BMS-275291, referred to as CellTech (CellTech, Slough, UK). These compounds are capable of inhibiting the MMPs detected in this study-that is MMP-1, -2, and -3. 43, 45 All inhibitors were prepared as stock solutions in dimethyl sulfoxide (DMSO) and used at concentrations between 0.1 nM and 100 M. Hydroxamic acid (100 M) in 0.1% (vol/vol) DMSO served as a control. The MMP inhibitors were added individually to the culture medium of the lattices at the start of the experiment.
Reversibility of Lattice Contraction by Inhibition of MMP
The effects of the addition of ilomastat to contracting lattices (containing 100,000 cells/lattice) and removal of ilomastat from lattices previously inhibited from contracting were investigated over 7 days. In the addition experiments, ilomastat (10 M) was added to lattices at 1 day after seeding. In the removal experiments, lattices that had been exposed to ilomastat (10 M) for 2 days after seeding were washed in PBS and cultured in FCM containing hydroxamic acid (10 M).
Collagen Production
Matrix synthesis was determined over 7 days in the presence or absence of ilomastat (100 M). Secreted C-terminal propeptide of collagen type I (CICP) was measured in culture supernatant 24 hours after feeding, using an ELISA (Quidel Corp., Oxford, UK). 46 CICP levels therefore provide an index for formation of fibroblast matrix in vitro. Data were corrected for the presence of background CICP in fresh culture medium.
Proliferation
Fibroblast proliferation, in the presence of concentrations of ilomastat, was monitored with a kit incorporating the reagent water-soluble tetrazolium (WST-1; Roche Molecular Diagnostics and Biochemicals, Lewes, UK) according to the manufacturer's instructions. Briefly, fibroblasts were seeded into 96-well tissue culture plates, at a density of 2.5 ϫ 10 3 per well in FCM, and cultured for 4 hours. FCM was removed and the cells were washed three times with PBS before addition of FCM containing concentrations of ilomastat (0 -100 m). Four plates per assay were seeded for harvesting at 2 hours and 1, 3, and 7 days. At each time interval, 10 L WST-1 was added to each well, and the plate was incubated at 37°C for 2 hours. The absorbance, related to the number of viable cells converting the reagent to colored formazan crystals, was read at 450 nm. On day 3 the cells for harvesting on day 7 were refed.
Statistical Analysis
All experiments were repeated at least three times. The cell culture experiments were analyzed by one-way analysis of variance (ANOVA) incorporating the Bonferroni correction on computer (SPSS for Windows; SPSS Inc., Chicago, IL). P Ͻ 0.05 was considered to be statistically significant. Standard error of the mean was plotted on the graphs.
RESULTS
MMP Production during Fibroblast-Mediated Collagen Lattice Contraction
Using QCRT-PCR, fibroblasts within contracting lattices were found to express mRNA for MMP-1, -2, and -3 (mRNA for MMP-9 was not detected). The expression levels peaked at day 1 and was then reduced by day 7 when contraction of the lattices had virtually ceased (Table 1) . Protein production for each MMP, quantified by ELISA, peaked at day 7 (Table 1) . Zymography demonstrated that fibroblasts seeded within the collagen lattices released four gelatinolytic species into the medium (57, 72, 91, and 100 kDa; Fig. 1A ) during contraction. Similar profiles were also found for homogenized lattices (data not shown). Because MMP-9 mRNA was not detected using the very sensitive QCRT-PCR method, MMP-9 protein was not measured by ELISA. However, the very faint high-molecularmass bands of 91 and 100 kDa detected by zymography were similar in molecular mass to pro-MMP-9 (92 kDa). Therefore, it is possible that these bands represent the 92-kDa pro-MMP-9 enzyme. Because the levels were very low and did change throughout contraction, they were not studied further. APMAinduced activation of MMPs in the conditioned medium (Fig.  1B) resulted in a reduction of the 100-kDa species and partial reduction of the 72-kDa (corresponding to the molecular mass of MMP-2) species to a 65-kDa band (active MMP-2) and increased levels of the 57-kDa species (corresponding to the molecular masses of MMP-1 and -3). The reduction of the 100 and partial reduction of the 72-kDa bands is demonstrated by the disappearance of a band at 100 kDa (compared with Fig.  1A ) and a reduction in size of the 72-kDa band (Fig. 1B compared with Fig. 1A) . Adding increasing concentrations of ilomastat, BB-94, and CellTech (Fig. 1C) to the developing buffer of zymograms increasingly inhibited the activity of the 72-and 57-kDa MMP bands produced during fibroblast-mediated collagen lattice contraction. On the zymograms, the white bands represent MMP activity. The dark bands that are seen in some of the lanes are the MMP proteins, detected by the Coomassie blue stain, that have no gelatinolytic activity because of the presence of the MMP inhibitors.
Effect Of MMP Inhibitors on Fibroblast-Mediated Collagen Contraction
Exposure of fibroblast-populated collagen lattices to concentrations of ilomastat ( Fig. 2A) , BB-94 (Fig. 2B ), or CellTech (Fig.  2C) significantly inhibited contraction in a concentration-dependent manner by day 7, compared with the control (P Ͻ 0.05). The results for ilomastat were of the most interest to us, because this inhibitor was found to reduce fibroblast-collagen matrix contraction over the widest concentration range and also was very effective for reducing scarring in an animal model of glaucoma filtration surgery. 33 Ilomastat is one of the most potent inhibitors of collagenase (MMP-1 which is required for cleavage for the type I collagen triple helix) with an inhibition constant (K i ) of 0.4 nM.
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Effect of Removal and Addition of MMP Inhibitor on Fibroblast-Mediated Collagen Contraction
The anticontractile effects of ilomastat (10 M) were further investigated in the fibroblast-populated collagen lattices. Removal of ilomastat from inhibited lattices resulted in their continued contraction (Fig. 3, top) . Addition of ilomastat to contracting lattices significantly inhibited (P Ͻ 0.05) contraction compared with the control (Fig. 3, bottom) .
Collagen Production
Secreted CICP was detected by ELISA in the culture supernatant of contracting fibroblast-populated collagen lattices (Fig.  4) . Fibroblasts actively secreted CICP during lattice contraction up to 3 days. By day 7, when fibroblast-mediated lattice contraction had virtually ceased, CICP secretion was also reduced. The MMP inhibitor ilomastat (100 m) significantly reduced CICP secretion at each time point (P Ͻ 0.05).
Fibroblast Proliferation
Fibroblasts were found to proliferate in the presence of concentrations of ilomastat (0 -100 m) as detected by the WST-1 assay (Fig. 5) . No significant difference was found between the rates of proliferation in each concentration of ilomastat compared with the control. The assay measures the ability of cells to convert the WST-1 reagent to formazan and hence requires the cells to be viable. The data indicate that any influence that ilomastat has on fibroblast function is unlikely to be due to toxicity of the MMP inhibitor. To confirm fibroblast viability, cells were cultured in the presence of concentrations of ilomastat as described earlier. Viability was confirmed (data not shown) by trypan blue dye exclusion 47 and with a lactate dehydrogenase activity kit (Roche Diagnostics and Biochemicals).
DISCUSSION
Members of the MMP family are upregulated during a number of biological processes, including tissue morphogenesis, embryonic development, and wound healing. In our study of scarring after glaucoma filtration surgery in the rabbit, reduced cellularity was observed in the group treated with the MMP inhibitor ilomastat, suggesting that inhibition of MMP may impair the ability of fibroblasts to migrate into the wound site. 33 The free-floating fibroblast-populated collagen in vitro lattice model is thought to represent matrix contraction exerted by tractional forces generated by cells as they migrate through matrix in vivo. 48 -50 Data obtained in an in vitro model of fibroblast-mediated matrix contraction demonstrated involvement of members of the MMP family in this process. Both mRNA and protein production were markedly upregulated during fibroblast-mediated collagen lattice contraction. The main substrate for MMP-1 is type I collagen; hence, identification of MMP-1 in the conditioned medium of the contracting lattices suggests utilization of this enzyme during matrix contraction. MMP-2, also known as gelatinase-A, because of its gelatinolytic activity, was also detected in the conditioned media. When MMP-1 makes a single site-specific cleavage through the triple helix of type I collagen, the resultant fragments become thermally unstable at body temperature making them susceptible to further degradation by gelatinases such as MMP-2. 51 Detection of MMP-2 in the in vitro contraction model may indicate a role for this enzyme in further processing and remodeling of the collagen lattice by fibroblasts during contraction. Indeed, much less MMP-1 was detected than MMP-2, perhaps preventing all the collagen from being susceptible to further proteolysis and possible dissolution, yet allowing remodeling to occur.
The presence of MMP-3, the major substrates of which are the proteoglycans, may be explained by the presence of small amounts of proteoglycan material in the commercially prepared collagen used. It was noted that between days 1 and 7 the amount of MMP mRNA detected decreased, yet protein production increased. The MMPs are regulated on a number of levels, including transcription, activation, and proteolytic inhibition.
2 By day 7, fibroblast-mediated matrix contraction had virtually ceased, and further transcription of MMP mRNA no longer appeared to be needed. The MMP proteins detected at day 7 were likely to have been translated from mRNA messages previously transcribed by the cells during active contraction before day 7. The ELISA kits used to measure production of MMP detected both the pro and active forms of MMP-1 but only the pro forms of MMPs-2 and -3, therefore the presence of high levels of MMP protein at day 7 did not necessarily reflect activation and utilization of the total amount of enzyme protein produced. Gelatin zymography detects activity of both pro and active forms of MMPs with gelatinolytic substrate specificity. The normally nonactive enzyme pro forms are detected, because sodium dodecyl sulfate within the zymogram gels un-FIGURE 3. Effect of removal and addition (bottom) of ilomastat on ocular fibroblast-mediated collagen contraction. Top: in the removal experiment, fibroblast-populated collagen lattices were continuously fed with (F) 10 m ilomastat (OE) or 10 m hydroxamic acid (control) or (f) had the ilomastat removed after 2 days of culture (arrow). The inhibitory effects of ilomastat on fibroblast-mediated collagen contraction were reversible. Bottom: In the addition experiment, fibroblastpopulated lattices were allowed to contract for 1 day (arrow) before addition of (F) 10 m ilomastat, (f) 10 m hydroxamic acid (control), or (OE) fibroblast culture medium only. The results showed that the inhibitory effects of ilomastat on fibroblast-mediated collagen contraction can also take effect subsequent to initiation of the contraction process. Error bars, SE. folds the pro-MMP protein exposing the active catalytic site of the enzyme. Activation of MMPs in the conditioned medium by APMA showed characteristic molecular weight shifts from pro to active enzyme forms. 42 This experiment also demonstrated that much of the MMP proteins released into the conditioned medium of contracting lattices remained in their latent forms. The metalloproteinase activity of the proteins released was confirmed by the addition of broad-spectrum MMP inhibitors into the zymogram-developing buffer, which inhibited gelatinolytic activity in a concentration-dependent manner.
In agreement with our previous findings and those of other investigators, 31, 52 the broad-spectrum MMP inhibitors significantly reduced fibroblast-populated collagen lattice contraction in a dose-dependent manner. Ilomastat, which is one of the most potent inhibitors of MMP-1 with a K i of 0.4 nM, 43 was found to be more effective than BB-94 or CellTech in reducing contraction over the widest concentration range and therefore received more attention throughout the study.
This effect did not appear to be due to cytotoxicity, because the cells were able to proliferate normally and remained viable in the presence of all concentrations of the MMP inhibitors used. Indeed, the effect on fibroblast-mediated matrix contraction was found to be reversible, in that removal of MMP inhibitor allowed previously inhibited contraction to proceed. The addition of MMP inhibitor reduced contraction of fibroblast-populated collagen lattices. Other studies have indicated the clinical relevance and importance of MMPs in fibroblast and endothelial cell-mediated collagen matrix contraction. 53, 54 Because matrix contraction plays such a significant role in contractile scarring, 55, 56 it is possible that inhibition of MMP may reduce scarring in vivo, as demonstrated in our other study, by reducing fibroblast-mediated matrix contraction. The in vivo filtration surgery model showed decreased cellularity at the wound site in the MMP inhibitor-treated group compared with the control by day 30, perhaps suggesting that the inhibitor had impaired the ability of cells to migrate into the wound site. The in vitro data corroborate this hypothesis, in that contraction of free-floating lattices is thought to be mediated by tractional forces generated on the matrix by migrating fibroblasts. 48, 49, 57 If indeed inhibition of MMP reduces fibroblast migration, it could serve to reduce scarring at a number of levels, by reducing contraction brought about by cell locomotion and by reducing the number of fibroblasts arriving at the wound site, hence reducing the number of fibroblasts available to differentiate into myofibroblasts that are capable of contracting matrix in situ without locomotion. 58 Our filtration surgery model showed less matrix deposition in the MMP inhibitor-treated groups compared with the control. 33 This may have been due partly to decreased cellularity at the wound site and hence less matrix production. However, the in vitro data showed that application of the MMP inhibitor ilomastat to contracting fibroblast-populated collagen lattices also reduced synthesis of new collagen by the fibroblasts. Previously, it was thought that synthetic MMP inhibitors exerted their effects by simply neutralizing the activity of MMPs to which they bound. Our data show for the first time the ability of a synthetic MMP inhibitor to alter matrix production by fibroblasts. This is a surprising and very important finding in the context of antiscarring therapy, because excess matrix deposition and contraction significantly contribute to the formation of contractile scar tissue. 55, 56 Procollagen consists of mature collagen with extension peptides, or propeptides, that are cleaved by specific proteases from the collagen molecule before incorporation into a growing collagen fibril. 59 The release of these peptides into the conditioned medium of the collagen lattices provides a stoichiometric representation of the production of collagen detectable by ELISA. It is possible that the MMP inhibitor prevented cleavage of the collagen propeptides; hence, there were less to detect in the conditioned medium. Nevertheless, the synthetic MMP inhibitor appeared to reduce collagen deposition in vivo and in vitro by an as yet unknown mechanism. This is currently under investigation in our laboratory.
Contractile scarring plays a role in the pathogenesis and treatment failure of many visually disabling or blinding conditions including glaucoma (conjunctival scarring after surgery), cataracts (capsular contraction), trachoma (entropion and corneal scarring), burns, proliferative vitreoretinopathy, and even age-related macular degeneration. The movement of cells through ECM and the subsequent contraction of collagencontaining tissues are crucial components of the scarring response. As such, our findings that inhibition of MMP can reduce deposition and contraction in the ECM may have important implications for the development of new antiscarring therapies not only for the eye but other parts of the body.
